The specific and rapid formation of protein complexes is essential for diverse cellular processes such as remodeling of actin filaments in response to the interaction between Rho GTPases and the Wiskott-Aldrich syndrome proteins (WASp and N-WASp). Although Cdc42, TC10, and other members of the Rho family have been implicated in binding to and activating the WAS proteins, the exact nature of such a protein-protein recognition process has remained obscure. Here, we describe a mechanism that ensures rapid and selective long-range Cdc42-WASp recognition. The crystal structure of TC10, together with mutational and bioinformatic analyses, proved that the basic region of WASp and two unique glutamates in Cdc42 generate favorable electrostatic steering forces that control the accelerated WASp-Cdc42 association reaction. This process is a prerequisite for WASp activation and a critical step in temporal regulation and integration of WASp-mediated cellular responses.
Introduction
The hematopoietic Wiskott-Aldrich syndrome protein (WASp) (Derry et al., 1994) . Some of these interactions, however, could not be observed in other reports (Miki et al., 1998; Symons et al., 1996) . Therefore, we investigated the binding properties and specificity of the different GTPases regarding WASp and N-WASp association and activation. (Kiel et al., 2004) , could not be shown by the setup used above. Thus, we analyzed the association reactions at 10°C because the k obs of the reactions at higher WASpGBD concentrations were too fast at 25°C and exceeded the constraints of the stopped-flow apparatus. As shown in Figure 1D , the hyperbolic dependency of the observed rate constants versus the WASp concentration strongly suggests that the Cdc42-WASp association follows a two-step reaction mechanism.
Results

Kinetics of the Interaction between Cdc42 and the WAS Proteins
The dissociation of the GBDs from Cdc42·mantGppNHp was measured in a displacement experiment. Thus, an excess amount of the nonfluorescent Cdc42·GppNHp was rapidly mixed with the protein complexes that led to a single exponential fluorescence increase ( Figure  1E ) and to similar values of dissociation rate constants for the two GBDs (k off ; Figure S1 in the Supplemental Data available with this article online). It is important to note that we did not (Table 1) . Thus, the binding constants for the interactions of TC10 with the WAS proteins obtained from the kinetic constants are up to 1000-fold higher than the respective data measured for Cdc42, which can be exclusively attributed to the association reactions. Studies similar to those described for Cdc42 and TC10 were performed with TCL, the Rac isoforms (Rac1, Rac2, and Rac3) and RhoA at various GTPase concentrations, but they showed neither a direct fluorescence change nor a GDI effect upon addition of WASpGBD or N-WASpGBD ( Figure S2 ), although these GTPases, with the exception of RhoA, do bind PAK1-GBD (residues 57-141) (Table 1) . Thus, unlike PAK1, which binds to essentially all Rac/Cdc42-like GTPases, WAS proteins interact most specifically with Cdc42.
Salt-Dependency of the Cdc42-WASp Association
Kinetic data determined for the interaction of WAS proteins with Cdc42 and TC10 revealed the interactions to be exclusively association-controlled (Table 1 ). This strongly suggests that electrostatics may play a major role in the Cdc42-WASp recognition and complex formation. To examine this issue, we analyzed the relationship between k on and ionic strength in the stopped-flow apparatus. As shown in Figure 1F , the observed rate constants for the WASp association with Cdc42· mantGppNHp incrementally dropped off in the presence of increasing salt concentrations, whereas the dissociation rates were not significantly changed (data not shown). High concentrations of salt counter ions obviously inhibit the attraction between Cdc42 and WASp, which clearly supports the idea that electrostatics are the driving forces for the extremely fast Cdc42-WASp association.
Identification of Hotspots for the Cdc42-WASp Association
To obtain structural information on TC10 and to explore the reason for the dramatic difference in WASp binding affinity between Cdc42 and TC10, we determined the crystal structure of the C-terminally truncated TC10· GppNHp complex at 2.65 Å resolution (Table S1) In contrast to the kinetic data, no major differences between Cdc42 and TC10 could be detected when the primary sequence of both GTPases were compared, in particular concerning the residues involved in WASp binding according to the complex structure (Abdul- The corresponding residues in TC10 are Met35, Ala38, and Asn39, respectively. Substitution of these residues to the equivalent Cdc42 residues (referred to as TC10 ITT ), however, did not increase the affinity of TC10 toward WASp or N-WASp, as characterized by kinetic measurements (Table 1) . These data exclude a role of these three CRIB binding residues in determining the specificity toward the WAS proteins.
In addition to the binding residues, clusters of complementarily charged residues located in the vicinity of the protein-protein interfaces are often important for specific and efficient complex formation, as experimental and theoretical studies have demonstrated (Schreiber, 2002 Figures 2A and 3A) ; (3) the Cdc42-WASp association follows a two-step reaction mechanism with the first step being the formation of an encounter complex, which evolves into the final complex ( Figure 1D) ; and (4) high salt concentration interferes with the Cdc42-WASp association ( Figure 1F) . A conspicuous amino acid deviation in Cdc42 is the unique Glu49. This residue is located on the solvent-exposed surface of the loop between the β strands 2 and 3 ( Figure 2A ) and corresponds to lysine or arginine in most other Rho GTPases ( Figure 3A) . According to the structure of the Cdc42 and WASp complex (Abdul-Manan et al., 1999), this glutamate does not directly interact with WASp but lies in the vicinity of three lysines of WASp (KKK motif; residues 230-232), which is part of the BR (residues 225-235). Glu178 of Cdc42, which is also absent in nearly all Rho GTPases ( Figure 3A ), provides another negative charge that is also in close vicinity of the KKK motif of WASp (Figures 2A and 3B ).
Mutational Analysis of the GTPase-WASp Interaction
To examine the significance of these two glutamates in the interaction between Cdc42 and WASp, we gener- ated a single mutant, E49K, and a double mutant, E49K/E178K, of Cdc42 (referred to as Cdc42 K and Cdc42 KK ). The association and dissociation kinetic constants (k on and k off ) of the interaction of WASp and N-WASp with the purified Cdc42 mutants were determined under the same condition as described above for Cdc42 wt ( Figure 4A ; Table 1 ). The resulting K d values were 12-fold higher for Cdc42 K (950 nM) and about 93-fold higher for Cdc42 KK (6.9 M). The individual rate constants clearly reveal that incremental loss of binding affinity of the WAS proteins for the Cdc42 mutants is merely caused by decreased association rates, whereas the dissociation rates are not affected (Table 1) . It is important to note that the affinity of Cdc42 proteins toward the less specific effector PAK1 is nearly unchanged by the mutations (only 2-fold and 4.5-fold reduction, respectively).
The corresponding mutations in TC10 (K63E, referred to as TC10 K , and K63E/T192E, referred to as TC10 KK ) provided K d values of 5.8 M and 3.7 M, which correspond to affinity increases of 8-and 13-fold, respectively ( Figure 4B ). These data, as summarized in Table  1 , demonstrate again that the association rate almost exclusively contributes to the change of the binding affinity. In contrast, substitution of lysine 49 of Rac1 (referred to as Rac1 E ) to glutamate did not result in any measurable binding of WASp or N-WASp (Table 1) (Table 2) . In this regard, there is a Figure 4C ). The latter phenomenon is best demonstrated with the K231E mutation in the middle of the KKK motif that led to a drop by two orders of magnitude in WASpGBD affinity for Cdc42 (Table 2) . Consequently, a dramatic loss of binding affinity (450-fold) was observed with the WASpGBD EEE232 mutant. These data, together with the recurring observation in this study that only the association reaction is affected by point mutations, but not the dissociation reaction, per se, strongly suggest that the BR of WASp, particularly the KKK motif, provides the most critical residues to establish the electrostatic steering effect. The binding affinity of TC10 for the WASpGBD mutants was only slightly affected (data not shown), further indicating that the TC10-WASp association does not underlie an electrostatic steering mechanism. WASp acts as a scaffold for binding the actin nucleating Arp2/3 complex and triggers actin polymerization upon activation by Cdc42. Thus, it was important to prove our kinetic data concerning electrostatics in the Cdc42-WASp association by an alternative WASpdriven functional assay. Therefore, we performed in vitro actin polymerization experiments using purified proteins such as full-length N-WASp or N-WASp domains (GBD, VCA) and pyrene-labeled actin as described previously ( (Figure 4D ). In contrast, the activities of GppNHp bound TC10 and Rac1 were almost comparable to the basal level of the Arp2/3 complex-mediated actin polymerization ( Figure 4D ). Interestingly, substitution of glutamates 49 and 178 to lysines in Cdc42 strongly affected the actin polymerization rate, comparable to the effect of the inactive Cdc42·GDP. On the contrary, TC10 EE was able to activate the reaction almost up to the level of Cdc42 wt ( Figure 4D) . Moreover, it is important to note that similar data were obtained with full-length N-WASp instead of the isolated GBD and VCA domains of WASp ( Figure 4E ). Taken together, these data are in excellent agreement with our kinetic data on the WASp interaction with the GTPases and clearly support the conclusion that electrostatic steering forces are critical components for Cdc42-WASp signaling. (Table 1) , emphasizing these residues as the hotspots for association. These kinetic data are supported by a functional assay that utilizes the scaffolding function of the WAS proteins in activating the Arp2/3 complex toward actin polymerization only in response to active Cdc42 wt (Figures 4D and 4E ). Our observations strongly suggest that a fine-tuning of local and global electrostatic properties, in particular Glu49, is essential for the molecular recognition of Cdc42 by WAS proteins and further substantiates the significance of long-range charge-charge interactions in defining the mechanism of association, which is naturally absent in TC10.
Electrostatic Potentials of Cdc42 and TC10
On the other hand, our structural and biochemical data indicate that the interacting interfaces of WASp with Cdc42 and TC10 in the final complex are comparable, as TC10 contains a conserved WASp binding site (Figures 2A and 2B) and has k off values in the same range as Cdc42 (Table 1) . Amino acid deviations of the α1 helix of TC10 (CRIB binding region) were also proved not to contribute to the dramatic differencethree orders of magnitude-in k on values (Table 1) . Introduction of negative charges in TC10 (TC10 E / EE ) most interestingly led to a reasonably faster association with the WAS proteins, but it does not reach the rate of the Cdc42-WASp association. In this regard, calculated electrostatic potentials of the wild-type and mutant Cdc42 and TC10 provided striking insights ( Figure 2C ). In Cdc42, the "lobe" of negative potential (e.g., Glu49 and Glu178) is surrounded by the positive potential of several basic residues (e.g., His103, His104, Lys107, Lys150, and Lys153), which most likely help to direct the optimal orientation of Cdc42 to WAS proteins. This cannot be accomplished in TC10, which lacks these surrounding positively charged residues and, rather, exhibits an extended negative potential close to the association-determining residues. This data and the fact that the substitution of both glutamates in Cdc42 (Cdc42 KK ) did not reduce its association rate to the same level as determined for TC10 wt (Table 1) indicate that other structural features apart from the two glutamates also contribute to the Cdc42-WASp association.
Thus, an electrostatic steering mechanism seems unlikely in the case of TC10 given the observation that changes of the net charge within the BR of WASp have only a minor effect on TC10 binding. In particular, we did not observe any significant TC10-mediated displacement of the VCA domain in the actin polymerization assay (Figures 4D and 4E) . It seems that TC10, which lacks such a negative patch, is disabled in recognizing and disrupting the autoinhibited state of the fulllength WASp. In conclusion, understanding the role of TC10 in activating WASp or N-WASp as possible downstream effectors, however, remains one of the more challenging tasks. We think that depending on the cellular context, the TC10·GTP·WASp complex formation requires assistance from an accessory factor (protein or lipids) that should help both molecules to overcome the 800-fold-slower association rate.
Nevertheless, by generating electrostatic forces for a more efficient TC10-WASp association by using the TC10 EE mutant, we have enhanced the capability of TC10 in WASp activation up to the level of Cdc42 wt (Figures 4D and 4E) . This is remarkable because the k on value for the association of TC10 EE with the WAS proteins is still 100-fold below that measured for Cdc42 wt (Figures 1C and 4B; Table 1 ). In contrast to the kinetic measurements, which determine bimolecular interactions, enhanced actin polymerization requires both the GTPase association with WASp and the release of the Arp2/3 activator VCA. In the autoinhibited conformation of WASp, the C-terminal part of the GBD is masked by the VCA domain, as shown by structural analysis (Kim et al., 2000) . According to our model (Figure 5) , initial binding of Cdc42 to the WASpBR is re- Table 2 ). Taken together, we propose that the BRs of the WAS proteins play a critical role in Cdc42 recognition by supplying complementary electrostatics to the two unique glutamates 49 and 178 and is therefore in addition to the CRIB motif an integral component of the WASp and N-WASp GBD. It is important to note that in this regard we could not detect any interdependency between Cdc42 and PIP2 in WASp binding and activation ( Figure S3 ).
An electrostatic steering mechanism can be excluded for most of the other Cdc42 effectors, which do not contain, with a few exceptions, a characteristic BR ( Figure 3B ). PAK consists of a KKKEKER motif (with a net charge of 3) that is equivalent to the BR of the WASps, indicating that it may electrostatically assist the Cdc42-PAK association. Our data, however, exclude a major role of electrostatic steering for two reasons. First, the k on value for the PAK association with Cdc42 (which is 40-fold lower compared to the WASp association) was not changed when the critical glutamates in Cdc42 were replaced by lysines (Table 1) . Secondly, PAK binds Cdc42 and Rac1 with 3-fold lower affinities, although Rac1 contains a lysine and a cysteine instead of the two critical glutamates ( Figure 3A ; Table 1 ). An explanation for this fact may be that in the Cdc42-PAK complex, the two glutamates of PAK (Glu69 and Glu71; Figure 3B 
Protein Preparation
All proteins were produced as glutathione S-transferase (GST) fusion proteins in Escherichia coli BL21 Rosetta. Glutathione (GSH-) sepharose (Pharmacia, Uppsala, Sweden) was used as the first purification step. After protease cleavage of the GST-tags, the proteins were applied to a gel filtration column (Superdex 75 or 200, Pharmacia, Uppsala, Sweden) and a subsequent GSH-sepharose column as the final step to obtain a purity of at least 95%. GppNHp-(guanosine 5#-β,γ-imidotriphosphate) and mantGppNHp (2#,3#-O-N-methylanthraniloyl-GppNHp) bound GTPase proteins were prepared by degrading bound GDP by alkaline phosphatase in the presence of 1.5-fold molar excess of GppNHp or mantGppNHp as described (Ahmadian et al., 2002) . A prepacked gel filtration column (NAP5, Pharmacia) was used to remove unbound nucleotides. The concentrations of nucleotide bound proteins were determined by HPLC as described (Ahmadian et al., 2002) . His-tagged N-WASp full-length was purified from High Five insect cells (Invitrogen) (Egile et al., 1999) . The Arp2/3 complex was isolated from bovine brain (Egile et al., 1999) , and actin was purified from rabbit muscle and labeled with pyrenyliodoacetamide (Pantaloni et al., 2000) .
Fluorescence Measurements
Kinetic measurements of the GTPase-effector interaction were monitored with the fluorescently labeled GTP-analog mantGppNHp by using an excitation wavelength of 366 nm. The emission was detected at 450 nm or with a cut-off filter above 408 nm. Slow kinetics were monitored in a Perkin-Elmer fluorescence spectrometer (LS50B, Norwalk, CT), and fast kinetics were monitored in a stopped-flow apparatus (Applied Photophysics, SX18MV, Surrey, UK). All measurements were performed in 30 mM Tris-HCl (pH 7.5), 5 mM MgCl 2 , 50 mM NaCl, and 3 mM DTT at 25°C. Data obtained by the stopped-flow apparatus are averages of at least four independent measurements. Kinetic measurements of the direct binding of an effector to a mantGppNHp bound GTPase were carried out using the stopped-flow apparatus. Dissociation experiments were performed by displacing the bound effector from the complex with the mantGppNHp bound GTPase with an excess of unlabeled GppNHp bound GTPase to prevent it from reassociation with the labeled GTPase. The observed rate constants were fitted single exponentially using the GraFit program (Erithacus software).
Actin Polymerization Assay
The actin polymerization assays were performed according to M.-F. Carlier (Carlier et al., 2000) . Briefly, 20 nM Arp2/3 complex was mixed with 100 nM N-WASp (full-length) or 100 nM N-WASpVCA and 1 M N-WASpGBD in 5 mM Tris-HCl (pH 7.6), 0.1 mM CaCl 2 , 0.2 mM ATP, 1 mM dithiothreitol, 0.01% NaN 3 containing 100 mM KCl, 1 mM MgCl 2 , and 0.2 mM EGTA. Accessorily, 2 M GppNHp bound GTPase was added to test its activation ability. After addition of 2.5 M actin (10% pyrene-labeled), the reaction was monitored in a Xenius fluorescence spectrometer (SAFAS, Monaco, France) with an excitation wavelength of 366 nm and an emission wavelength of 407 nm. 
Supplemental Data
Accession Numbers
The coordinates of human TC10·GppNHp have been deposited in the Protein Data Bank under accession code 2ATX.
